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The temperature distribution inside a double-cladding optical fiber laser or amplifier is examined
in detail. Traditionally, the quantum defect in the core is taken to be the main source of heating
in an active optical fiber. However, contributions from the parasitic absorption of the signal and
the pump may also play an important role, especially for low quantum defect or radiation-balanced
lasers and amplifiers. The contributions to the heating in both the core and the inner-cladding
are considered and analyzed in general terms in this paper. In particular, it is shown that if the
maximum tolerable surface temperature of the fiber relative to the ambient is taken to be 300 degrees
Celsius to avoid damaging the fiber’s outer polymer cladding, the core temperature rises only in
the range of 0-5 degrees Celsius relative to the inner-cladding for an air-cooled fiber. However, for
a water-cooled fiber, the core temperature can be higher than the inner-cladding by as much as
50 degrees Celsius, potentially changing a single-mode core to multimode due to the thermo-optic
effect.
I. INTRODUCTION
The power generated from optical fiber lasers and
amplifiers has increased significantly over the past
decade [1–4]. Consequently, efficient heat mitigation has
become one of the main concerns, especially in light of
recent reports of limitations in power scaling because of
the thermally-induced mode instability, which degrades
the output beam quality [5–9]. There already exists a
sizable body of literature on the thermal analysis of op-
tical fiber lasers and amplifiers [10–16]. In particular,
Brown and Hoffman in Ref. [10] derived detailed ana-
lytical equations for the temperature distribution inside
an optical fiber, assuming that the heat is generated only
within the the fiber core. This assumption is usually valid
when the primary source of heating is the quantum de-
fect in the core of a double-cladding fiber (DCF) design;
the quantum defect being the energy difference between
the pump and signal photons. However, in some modern
high-power fiber lasers and amplifiers, where the quan-
tum defect is lowered [17], or when the amplifier operates
in a nearly radiation-balanced regime or for radiation-
balanced lasers [18–21], the heat generated due to the
parasitic absorption of the high-power pump in the inner-
cladding can be considerable and must be included in the
analysis. In this paper, we derive analytical expressions
for the temperature distribution inside a DCF laser or
amplifier, for a more general case where the heating oc-
curs both in the core and the inner-cladding, albeit at dif-
ferent rates. We show that the temperature distributions
can be easily calculated for various scenarios. In essence,
a single parameter γ allows one to interpolate between
the case where the quantum defect heating is dominant
to when the parasitic absorption heating is comparable
in size or is even the dominant source of heating. The re-
sults can be readily applied to the single-cladding design
of a core-pumped fiber as a special case.
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FIG. 1. Schematic of a DCF with temperature markings.
A schematic transverse profile of the DCF is shown
in Fig.1, where we assume a cylindrical geometry for the
fiber. The core, in which the signal propagates, is marked
with the inner white-filled circle of radius a and is doped
with rare-earth ions (typically Yb). The inner-cladding,
in which the pump propagates, is the region marked with
the light-gray region of radius b. Of course, some of the
propagating pump power overlaps the core region, which
is responsible for pumping the core. The outer-cladding
of the fiber is the region shaded in dark-gray with radius
c, where D = 2c is the total outer diameter of the fiber.
We also mark the temperature of the center of the fiber
core as T0, at the core-inner-cladding boundary as Ta, at
the inner-outer-cladding boundary as Tb, and the outer
surface of the fiber as Tc. The ambient outside tempera-
ture is identified as T∞.
Before, we start our analysis, we would like to present
a key result obtained in this paper:
δTa = Xa
D
Da∆T. (1)
Here, δTa = T0 − Ta is the temperature variation inside
the core of the optical fiber, and ∆T = Tc − T∞ is the
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2difference between the surface temperature of the fiber
and the ambient temperature. We also have:
Da = 4κa
H
, (2)
where κa is the thermal conductivity of the (fused silica)
glass in units of W/(m.K) and H is the convective heat
transfer coefficient in units of W/(m2.k) (typically that
of air or water). Xa is an order one coefficient that is
to be determined and depends on the geometrical and
optical properties of the laser or amplifier. We note that
the fiber surface cannot be feasibly hotter than a few
hundred degrees Celsius, so ∆T . 300◦C is generally as-
sumed in this paper unless stated otherwise. D/Da is
proportional to the Biot number of the thermal problem,
which is a dimensionless quantity used in heat transfer
calculations [22]. The ratio D/Da sets the scale for δTa
for a given ∆T–for air-cooling, Da is nearly two orders of
magnitude larger thanD, while it is only an order of mag-
nitude larger for water-cooling. As such, in water-cooled
systems, the core temperature can increase to the point
that the fiber changes from supporting only a single-mode
to supporting multiple modes due to the thermo-optic ef-
fect. However, for air-cooled DCFs with ∆T . 300◦C,
the core temperature rises only in the range of 0 − 5◦C
relative to the inner-cladding, so the thermo-optic effect
is less pronounced and single-mode to multimode transi-
tion may not happen.
In the following, we will present the problem in the
most general terms, while providing specific examples to
illuminate the main points. In Section II, we will formu-
late the problem and derive the relevant equations and
results. In Section III, we will apply our formalism to
a few specific examples of fibers commonly used in laser
and amplifier systems and examine our general conclu-
sions using specific numerical examples. In Section IV,
we will summarize and conclude. Appendices A and B
provide further information about the assumptions used
in deriving the analytical expressions. In Appendix C, we
summarize the equations that are most useful for direct
comparison with experiments.
II. FORMULATION
In this paper, we will refer to the pump laser as the
“pump”, and to the generated laser (in a laser design) or
the amplified laser (in an amplifier design) as the “sig-
nal”. We present our arguments and observations in as
general a form as possible without resorting to unnec-
essary numerical analysis in specific designs. We assume
that the pump propagates only in the inner-cladding (and
the core) and has a uniform intensity of Ip, which can
also be a function of z. Pp = pib
2Ip is the total pump
power. This assumption is usually valid if the pump laser
is sufficiently scrambled to maintain its uniformity in the
transverse plane. We also define the pump overlap fac-
tor with the core as Γ := a2/b2. In some DCF designs,
the circular symmetry of the inner-cladding is broken to
help maintain the transverse uniformity of the pump in-
tensity along the fiber. These technicalities do not affects
our general conclusions. Both the signal intensity (nearly
Gaussian) and power are assumed to generally depend
on the longitudinal coordinate, z, along the fiber. We
assume that the fiber temperature is constant in time;
therefore, the steady state heat equation can be used to
determine the temperature distribution, T (x, y, z):
∇ · (κ∇T ) + q = 0, (3)
where the heat source density q(x, y, z) is the thermal en-
ergy deposited per second at the location (x, y, z) inside
the fiber and is in units of W/m
3
and κ(x, y, z) is the lo-
cal thermal conductivity [22]. Equation 3, in general, can
only be solved numerically. Here, we make another sim-
plifying assumption that the temperature gradient in the
z-direction varies very slowly with z (∂2zT ≈ 0). We will
discuss the validity of this assumption later in Appendix
A. Therefore, considering the cylindrical symmetry of the
problem and ignoring the ∂2zT term in Eq. 3, we arrive
at the following differential equation:
κ
∂2T
∂ρ2
+
(
κ
ρ
+
∂κ
∂ρ
)
∂T
∂ρ
+ q = 0, (4)
where ρ is the radial coordinate. Both T and q are in
general functions of z as well as ρ; however, in the fol-
lowing discussion, we drop their explicit z-dependence
when writing the equations for simplicity, but their z-
dependence is always implicitly assumed (see Appendix
A). Because of the geometry of the fiber in Fig. 1, κ(ρ) is
piece-wise constant; therefore, the term proportional ∂ρκ
vanishes in each segment. Moreover, we assume that q
is piece-wise constant (this assumption is justified in Ap-
pendix B); therefore, the general solution to the second-
order ordinary differential equation 4 in each radial seg-
ment of the fiber is given by:
T (ρ) = C1 + C2 log(ρ2)− q
4κ
ρ2, (5)
where C1 and C2 are constants of integration.
In subsection IIII A, we summarize the definitions of
the main parameters used in this paper for the temper-
ature profiles, and in subsection IIII B, we present the
solutions that provide the temperature distributions in-
side the optical fiber. In subsection IIII C, we will present
and justify the values of the thermal parameters used in
the paper, and in subsection IIII D, we will elaborate on
the order-one scalar coefficients that appear in equations
similar to Eq. 1.
A. Definition of the parameters
The following parameters will be used in the solutions
of Eq. 4:
3• qa is the uniform heat density inside the core (0 ≤
ρ ≤ a) due to the quantum defect, as well as the
parasitic absorption of the signal and the pump.
• qb is the uniform heat density inside the inner-
cladding (a < ρ ≤ b) due to the parasitic absorp-
tion of the pump.
• No heat is generated in the outer-cladding region
(b < ρ ≤ c) in which no signal or pump propagates.
• κa, κb, and κc are the thermal conductivities in the
core, inner-cladding, and outer-cladding regions.
Their values are assumed to be uniform in each
region.
• The thermal characteristic length scales in each ra-
dial fiber segment is defined as Di = 4κi/H, where
i = a, b, c.
• The total linear heat density generated in the core
is given by Qa = qapia
2. Similarity, the total lin-
ear heat density generated in the inner-cladding
is given by Qb = qbpi(b
2 − a2). We also define
Qp = qbpib
2, which represents the total generated
linear heat density due to the parasitic absorption
of the pump.
• We define the following temperatures based on
T (ρ): T0 = T (0), Ta = T (a), Tb = T (b), Tc = T (c),
and T∞ as the ambient outside temperature. We
also define the following temperature variation pa-
rameters: δTa = T0 − Ta, δTb = Ta − Tb, δTc =
Tb − Tc, and ∆T = Tc − T∞.
• We use the following geometrical parameters: Γ =
a2/b2, η = ln(c2/b2), and D = 2c.
B. Solution of the temperature equation
In the core, the temperature must be finite everywhere
including at ρ = 0; therefore, C2 from Eq. 5 must vanish
in the core. Moreover, the temperature and the radial
heat flux must be continuous at each layer. We remind
that the radial heat flux is given by −κ∂ρT (ρ), where κ
is the relevant thermal conductivity in each region. The
result is the following temperature profile inside the fiber
at each layer:
T0 − T (ρ) = qa ρ
2
4κa
, 0 ≤ ρ ≤ a, (6)
Ta − T (ρ) = (qa − qb)a
2
4κb
ln(
ρ2
a2
) +
qb(ρ
2 − a2)
4κb
, a < ρ ≤ b,
Tb − T (ρ) = qa a
2 + qb(b
2 − a2)
4κc
ln(
ρ2
b2
), b < ρ ≤ c.
The temperature variations can be obtained as
(4piκa)δTa = Qa, (7a)
(4piκb)δTb = (Qa +Qb −Qp)(− ln Γ) +Qb, (7b)
(4piκc)δTc = (Qa +Qb)η. (7c)
We assume convective boundary condition for the
outer surface of the fiber:
−κc ∂T (ρ)
∂ρ
∣∣∣
c
= H(Tc − T∞). (8)
Therefore, the temperature difference between the fiber
surface Tc and ambient outside temperature T∞ is given
by
∆T = Tc − T∞ = Qa +Qb
2picH
. (9)
We are now ready to simplify the previous equations
and the following two relationship will be useful in the
process:
Qb = (1− Γ)Qp, Qa = (Γ + γ)Qp. (10)
The meaning of the coefficient γ will become clear shortly
(in subsection IIII D), but for now, Eq. 10 can be used as
the definition of γ. After a few lines of algebra, we arrive
at:
δTa
∆T
=
[Γ + γ
1 + γ
] D
Da , (11a)
δTb
∆T
=
[1− Γ
1 + γ
+
γ
1 + γ
(− ln Γ)
] D
Db , (11b)
δTc
∆T
= η
D
Dc . (11c)
Equations 11a, 11b, and 11c are the main results of
this paper and will be analyzed in detail in the following
discussions. Note that the total temperature change from
the center of the core to the surface of the fiber is given
by δTa + δTb + δTc.
C. Relevant thermal parameters
In this subsection, we present the values of the rele-
vant thermal parameters that will be used in the rest of
this paper. The core and the inner-cladding of a typi-
cal DCF in fiber laser applications are made from fused
silica. For both of these regions, we assume a uniform
thermal conductivity across the fiber because the light
doping of various elements in the core and inner-cladding
do not change the value of κ in the host glass, substan-
tially. For fused silica at room temperature, we have
κ = 1.38 W/(m.K) [23], which is the value we will use
in the subsequent analysis. However, the value of κ in-
creases with temperature and can reach ≈ 1.65 W/(m.K)
at 320◦C [24]. For the outer-cladding, low-index Acrylate
and Polyimide polymers are commonly used among many
other polymers. While Acrylate can reliably withstand
temperatures as high as 120◦C, Polyimide coating is pre-
ferred for high power applications because it remains re-
liable to as high as 300◦C in continuous operation [25].
For Polyimide, we use κ ≈ 0.276 W/(m.K) [26].
The value of the convective heat transfer coefficient
H depends on the choice of fluid and its speed. We
4use H ≈ 92 W/(m2.K) for a high-speed-air-fan-cooled
fiber and H ≈ 920 W/(m2.K) for a moderate-flow-speed-
water-cooled fiber [27].
TABLE I. The thermal characteristic length scale defined as
Di = 4κi/H for the choices of material and convection fluid.
The subscript sa stands for “silica” material and “air” cooling
and so on.
silica:
κ = 1.38 W/(m.K)
Polyimide:
κ = 0.276 W/(m.K)
forced-air-cooling
H ≈ 92 W/(m2.K)
Dsa = 6 cm Dpa = 1.2 cm
forced-water-cooling
H ≈ 920 W/(m2.K)
Dsw = 6 mm Dpw = 1.2 mm
It is clear that Da and Db can take the value of Dsa or
Dsw depending on the choice of the cooling fluid, while
Db can take the value of Dpa or Dpw. These thermal char-
acteristic length scales must be compared with the outer
diameter of the fiber as they appear in the form of a ra-
tio in Eqs. 11a, 11b, and 11c. The outer diameter of the
fiber D (including the polymer coating) typically ranges
from ≈ 250µm to ≈ 500µm, so D/Dpw ranges from 2.5
to 5, D/Dpa ranges from 25 to 50, D/Dsw ranges from 12
to 25, D/Dsa ranges from 120 to 500. These ratios affect
the values of temperature variations in Eqs. 11a, 11b, and
11c.
D. Scalar coefficients
In this subsection, we examine the scalar coefficients
that appear in Eqs. 11a, 11b, and 11c, behind the ratio
of the length scales D/Di:
Xa =
Γ + γ
1 + γ
, (12a)
Xb =
1− Γ
1 + γ
+
γ
1 + γ
(− ln Γ), (12b)
Xc = η. (12c)
We will argue that these coefficients are all order one
scalars, so in each case δT/∆T is primarily set by the
ratio D/Di.
In a conventional cladding-pumped fiber laser or am-
plifier, the primary sources of heating are from the quan-
tum defect in the core of the fiber and the parasitic ab-
sorption of both the signal and the pump. Based on our
assumptions, the heating due to the quantum defect hap-
pens uniformly in the core with the linear heat density of
Qqd, which only contributes to Qa. The linear heat den-
sity due to the parasitic absorption of the signal is given
by Qas = αsPs (Ps is the total signal power), which
only contributes to Qa, as well. The linear heat density
due to the parasitic absorption of the pump is given by
Qap = αpPp, a fraction of which, ΓQap, contributes to
Qa and the rest, (1 − Γ)Qap, is deposited in the inner-
cladding and contributes to Qb. Here, αs and and αp are
the parasitic absorption coefficients of the signal and the
pump, respectively. Using these definitions, we obtain:
Qa = Qqd +Qas + ΓQap, Qb = (1− Γ)Qap. (13)
Using Eq. 10 and the definitions presented in Eq. 13, it
can be shown that
γ =
Qqd +Qas
Qap
. (14)
Equation 14 makes the meaning of the parameter γ more
clear: γ is the ratio of the sum of the quantum defect
linear heat density and the signal parasitic absorption,
both of which are deposited in the core, to the total par-
asitic heat generation in the fiber due to the pump. Note
that γ appears in Eqs. 12a, 12b, and 12c in the form of
1/(1+γ) and γ/(1+γ), both of which are always between
0 and 1, i.e., 0 ≤ 1/(1 +γ) ≤ 1 and 0 ≤ γ/(1 +γ) ≤ 1 for
0 ≤ γ < ∞; therefore, their finite values (bounded from
above) set their contribution levels to Xa and Xb.
From these arguments, we find that depending on the
relative size of the contributions from Qqd, Qas, and Qap,
which set the value of γ, we have the following acceptable
ranges for the scalar coefficients:
Γ < Xa < 1, 1− Γ < Xb < (− ln Γ), Xc = η.
(15)
The upper limit in each case is obtained for γ  1,
which is usually the case for conventional fiber lasers
and amplifiers, where Qqd is much higher than Qas and
Qap (see Eq. 14). However, in some modern high-power
fiber amplifiers where the quantum defect is lowered [17],
or when the amplifier operates in a nearly radiation-
balanced regime or for radiation-balanced lasers [18–21],
γ < 1 and a value closer to the lower limit in Eq. 15 may
be applicable. Note that Xc = η does not deviate much
from unity in conventional DCFs.
III. EXAMPLES
In the following, we will explore three examples of Yb-
doped optical fibers from Thorlabs Incorporated, where
the relevant fiber parameters are given in Table II. We
note that in all three cases, Thorlabs Incorporated re-
ports Acrylate polymer coating, which can only with-
stand temperatures up to 120◦C. For our analysis, we will
assume Polyimide coating because its temperature can
go as high as 300◦C; this choice is justified because our
discussions are primarily aimed at high power laser oper-
ations. For the rest of the discussion, we assume that the
fiber surface is heated to 320◦C, so ∆T = 300◦C, where
T∞ = 20◦C is assumed. For Acrylate polymer coating
where ∆T ≈ 100◦C, all temperature values obtained be-
low must be divided by a factor of three. We empha-
size that Fiber1 is practically a single-cladding fiber and
5is not commonly used in high-power operation. How-
ever, we have included this fiber here to show that the
analysis in this paper can also apply to this special case,
noting that the results for this fiber are somewhat less
interesting than those for Fiber2 and Fiber3, which are
high-power DCFs.
TABLE II. The relevant fiber parameters for Eqs. 11a, 11b,
and 11c.
name fiber ID 2a(µm) 2b(µm) 2c(µm)
Fiber1 YB1200-4/125 4 125 245
Fiber2 YB1200-10/125DC 10 125 245
Fiber3 YB1200-20/400DC 20 400 520
In Tables III, and IV, we calculate the values of the
geometrical parameters and ratios of the thermal length
scale to the outer diameter of for fiber for Eqs. 11a, 11b,
and 11c. In Table V, we use the information in
Eqs. 12a, 12b, and 12c to estimate the temperature vari-
ations δTa, δTb, and δTc, in the core, inner-cladding, and
outer-cladding of each fiber, respectively. The results are
reported for both air-cooling and water-cooling, and for
a range that depends on the value of γ as discussed ear-
lier. In Table VI, we use Eq. 9 to calculate the total
linear heat density Qa + Qb that must be deposited in-
side the optical fiber to heat the surface temperature by
∆T = 300◦C relative to the ambient; of course, a much
larger heat deposit is needed to reach the same level of
∆T for water cooling relative to air cooling.
We next consider the temperature changes for a nomi-
nal value of Qa +Qb = 50 W/m, which is a typical value
used in modern high-power fiber amplifiers [28]. Note
that in the previous analysis, we fixed ∆T = 300◦C, but
here we allow it to vary and instead fix Qa + Qb. The
corresponding temperature ranges are reported in Ta-
ble VII and they are the same for air-cooling and water-
cooling, because H cancels out if ∆T from Eq. 9 is used
in Eqs. 11a, 11b, and 11c. The total temperature change
is also reported as
∑
δTi, which is the quantity measured
in Ref. [28]. As will be noted in section IIIIII B, the up-
per limit values coming from γ  1 correspond to most
conventional systems for which the heat density due to
quantum defect overwhelms other sources of heat. In the
limit of γ  1, we obtain
∑
δTi =
[
1
4piκa
+
(− ln Γ)
4piκb
+
η
4piκc
]
(Qa +Qb). (16)
To make a comparison with the results reported in
Ref. [28] where 2a = 25µm and 2b = 400µm, if we
consider the case of Qa + Qb = 35 W/m, we obtain∑
δTi = 22
◦C, which is in close agreement with their
direct temperature measurement. Of course, if the mea-
sured core temperature is only the average value (as is the
case in Ref. [28]), 1/4piκa in Eq. 16 must be replaced with
1/8piκa because
∫ a
0
ρ2ρdρ/(a2
∫ a
0
ρdρ) = 1/2 (see Eq. 6),
which results in
∑
δTi = 21
◦C.
TABLE III. The values of the geometrical parameters.
Γ − ln Γ η
Fiber1 0.0010 6.88 1.35
Fiber2 0.0064 5.05 1.35
Fiber3 0.0025 5.99 0.525
TABLE IV. The ratio of the thermal length scale to the outer
diameter.
Dsa/D Dsw/D Dpa/D Dpw/D
Fiber1 123 12.2 24.5 2.45
Fiber2 123 12.2 24.5 2.45
Fiber3 57.7 5.77 11.5 1.15
TABLE V. Temperature variation parameter ranges in ◦C if
∆T = 300◦C.
air-cooling water-cooling
δTa δTb δTc δTa δTb δTc
Fiber1 0.003-2.5 2.5-17 17 0.025-25 25-169 165
Fiber2 0.016-2.5 2.4-12 17 0.16-25 24-124 165
Fiber3 0.013-5.2 5.2-31 14 0.13-52 52-312 136
TABLE VI. The total linear heat density Qa + Qb needed
to raise the surface temperature of the fiber relative to the
ambient by ∆T = 300◦C.
air-cooling (W/m) water-cooling (W/m)
Fiber1 43 425
Fiber2 43 425
Fiber3 90 902
A. Can the temperature rise result in multimode
operation?
The results presented so far focus mainly on the trans-
verse temperature variations in fused silica optical fibers.
In practice, the principal optical quantity of interest
is the induced change in the refractive index due to
the temperature change. The change in the refractive
6TABLE VII. Temperature variation parameter ranges in ◦C
if total linear heat density is Qa + Qb = 50 W/m. δTa, δTb,
and δTc are the same for both air-cooling and water cooling.
We also define
∑
δTi = δTa + δTb + δTc, which is the total
temperature change inside the fiber. ∆Tac is the surface tem-
perature relative to the ambient for air-cooling and ∆Taw is
for water cooling.
δTa δTb δTc
∑
δTi ∆Tac ∆Twc
Fiber1 0.003-2.9 2.9-20 19 22-42 353 35.3
Fiber2 0.019-2.9 2.9-15 19 22-37 353 35.3
Fiber3 0.007-2.9 2.9-17 8 11-28 166 16.6
index is related to the change in the temperature by
the thermo-optic coefficient, dn/dT . For fused silica,
the thermo-optic coefficient is reported at 546 nm to be
11.3 × 10−6 K−1 [29], and does not vary substantially
with the wavelength. The V-number of a step-index op-
tical fiber for a small core-cladding index contrast of ∆
is V ≈ 2pia√2n∆/λ, where a is the core radius, n ≈ 1.5
is the average refractive index, and λ is the optical wave-
length. The single-mode cut-off is at V ≈ 2.405. If a
temperature rise results in a substantial change in the
value of ∆, it can turn a single-mode fiber to multimode.
Using the definition of the V-number, we can show that
δV/V = δ∆/(2∆), where δ∆ is the change in the core-
cladding index difference. For a single-mode large-core
fiber of V ≈ 2.3 with a 30µm core diameter at λ ≈ 1µm,
∆ ≈ 2 × 10−4. Assuming a maximum tolerable change
in the V-number of 20%, the maximum acceptable δ∆ is
8× 10−5. We can approximate δ∆ ≈ (dn/dT )δTa, given
that δTa sets the scale for the core-cladding tempera-
ture variation, resulting in a maximum acceptable value
of δTa ≈ 8◦C. Of course, the temperature profile in the
core is not of a top-hat form and decreases quadratically,
so this analysis slightly underestimates the δTa required
for the fiber core to support multiple modes.
The results presented for the value of δTa in Table V
indicate that for air-cooling and ∆T = 300◦C, the tem-
perature variation range in the core is quite small and the
fiber is unlikely to transition from single-mode to multi-
mode. However, in a water-cooled system, the value of
δTa can be as high as 25
◦C for Fiber1 and Fiber2 and as
high as 50◦C for Fiber3, which can clearly result in a mul-
timode core in the high-heat and γ  1 (conventional)
operation.
B. Estimation of the γ parameter
We already noted in Eq. 14 that γ is the ratio of the
sum of the quantum defect linear heat density and the
signal parasitic absorption to the total parasitic heat gen-
eration in the fiber due to the pump. We can obtain
an estimate of this parameter if we assume for example
an amplifier set-up in the forward pumping configura-
tion, where at the input the signal power can be ne-
glected compared with the pump power. In this case,
Qqd ≈ αrPpδλ/λs (see Appendix B for the derivation).
αr is the resonant pump absorption coefficient and is
given by Ntσ
a
pΓ, where Nt is total Yb ion dopant den-
sity and σap is the absorption cross section of the pump.
δλ = λs−λp is the difference between the wavelengths of
the signal and the pump. Noting that Qap = αpPp and
Qas ≈ 0, so we have
γ ≈ αr
αp
× δλ
λs
. (17)
This is an interesting result and gives an estimate on
the value of γ, independent of the pump power. For our
analysis, we consider a nominal value of αp ≈ 15 dB/km,
which is reasonable for conventional high-power fiber
lasers. For pumping at the peak absorption wavelength
λp = 976 nm, the nominal values of αr for Fiber1, Fiber2,
and Fiber3 are 1200 dB/m, 7.4 dB/m, and 3 dB/m, re-
spectively. For λs ≈ 1064 nm, δλ/λs ≈ 0.1, so the
corresponding values of γ are approximately 8000, 50,
and 20, respectively. If the same fibers are pumped
at λp = 920 nm, the measured values of αr for Fiber1,
Fiber2, and Fiber3 would be 280 dB/m, 1.7 dB/m, and
0.7 dB/m, respectively. Given that δλ/λs ≈ 0.14, the
corresponding values of γ are approximately 2520, 15.3,
and 6.3, respectively.
However, for a low quantum defect fiber amplifier [17]
pumped at λp = 1018 nm, the nominal value of αr would
be 10 times smaller than that for λp = 920 nm due to
a smaller absorption cross section of the pump. In this
case, δλ/λs ≈ 0.05, and the corresponding values of γ
are approximately 93, 0.57, and 0.23, respectively. Note
the small value of γ for Fiber3, which is often used in
high-power operation (unlike Fiber1, which is a single-
cladding fiber). The value of γ can become even lower in
the nearly radiation-balanced regime [18–21].
IV. SUMMARY AND CONCLUSION
The analytical expressions for temperature variations
are simple and can be used for quick estimation of the
temperature distributions inside the optical fiber. The
inclusion of the heat generation in the cladding is essen-
tial for modern high-power fiber lasers and amplifiers,
where the quantum defect is lowered, or when the ampli-
fier operates in a nearly radiation-balanced regime, or for
radiation-balanced lasers. In all these cases, the heat gen-
erated due to the parasitic absorption of the high-power
pump in the inner-cladding can be considerable and must
be included in the analysis. The analytical expressions
can be used for a wide range of conventional DCF-based
systems. A single parameter 0  γ < ∞ allows one
to interpolate between the case where the quantum de-
fect heating is dominant to when the parasitic absorption
7heating is comparable in size or is the dominant source
of heating.
For the numerical analysis of the analytical expres-
sions, we consider the maximum tolerable surface tem-
perature of the fiber relative to the ambient to be ∆T =
300◦C to protect the Polyimide coating that is the poly-
mer of choice in high-temperature operation. Our re-
sults show that for air-cooled DCFs with ∆T . 300◦C,
the core temperature rises only in the range of 0 − 5◦C
relative to the inner-cladding; however, for water-cooled
DCFs, the core temperature can be higher than the inner-
cladding by as much as 50◦C, potentially resulting in a
change from the single-mode core to the multimode cre
due to the thermo-optic effect.
Last but not least, in Appendix C, we summarize the
equations that are most useful for direct comparison with
experiments.
APPENDIX A: LONGITUDINAL VARIATION OF
THE TEMPERATURE
In this Appendix, we would like to justify the absence
of the ∂2zT term in our analysis based on Eq. 4. Let’s
consider a situation where q is Eq. 3 can be expressed as
q(ρ, z) = q˜(ρ) f(z). This separable form, while very con-
venient in our analysis, can be fully justified if only one
of the heating sources, Qqd, Qas, or Qap, is the dominant
one. However, our discussion captures the essence of why
the ∂2zT term can be ignored, regardless.
The analysis presented in this paper means that the
temperature profile has a ρ-dependence subject to the
form of Eq. 4 with q˜(ρ) as the heat source, and a z-
dependence of the form f(z). In other words, T (ρ, z) ≈
T˜ (ρ)f(z), where
∂2T˜ (ρ)
∂ρ2
+
1
ρ
∂T˜ (ρ)
∂ρ
+
q˜(ρ)
κ
= 0. (18)
Without making any approximations, the full form of the
temperature profile can be expressed as
T (ρ, z) = T˜ (ρ)f(z) + τ(ρ, z), (19)
where τ(ρ, z) should be negligible if our approximations
hold. In other words, the size of τ(ρ, z) characterizes the
relative importance of keeping the ∂2zT term in Eq. 3.
If we substitute T (ρ, z) from Eq. 19 in Eq. 3, while
considering Eq. 18, we arrive at
∇2 τ(ρ, z) + T˜ (ρ) ∂2zf(z) = 0. (20)
In Eq. 20, the term ∂2zf(z) can be approximated into
the form of f(z)/L˜, where L˜ is a length-scale on the or-
der of the full length of the optical fiber. This can be
understood for example if f(z) ∼ exp(−α˜ z), where α˜
can be, e.g., the absorption coefficient of the pump, and
the pump power is almost entirely absorbed over the full
length of the fiber laser. If the pump power is not fully
absorbed, then L˜ can be even larger than the length of
the optical fiber. Next, looking at Eq. 6 reveals that
the radial temperature profile of the fiber has, generally
speaking, the form of T˜ (ρ) ∼ ρ˜2 q˜(ρ)/4κ, where ρ˜2 is a
length scale comparable to the radius of the fiber. There-
fore, we can approximate Eq. 20 as
∇2τ(ρ, z) + ρ˜
2
L˜2
q˜(ρ)f(z)
κ
= 0. (21)
Comparing Eq. 21 with Eq. 18, it can be readily observed
that
τ(ρ, z) ∼ ρ˜
2
L˜2
T˜ (ρ)f(z), (22)
therefore, τ(ρ, z) is smaller than T˜ (ρ)f(z) by the factor
of ρ˜2/L˜2, which is usually 4 orders of magnitude or more.
In summary, ∂2zT term can be ignored unless longi-
tudinal variations in heat deposit in the fiber occur at
scales comparable to the fiber diameter, which is hardly
conceivable in steady-state.
APPENDIX B: VALIDITY OF TOP HAT
ASSUMPTION
In the main text of the paper, we assume that the heat
density q is piece-wise constant, which serves as a con-
venient assumption to simplify the analytical solution of
the steady state heat equation. In reality, the signal in-
tensity in a single-mode fiber core follows a nearly Gaus-
sian profile, so the piece-wise constant assumption is not
strictly true in the core of the fiber. However, it is im-
portant to asses the accuracy of this assumption, because
the heating profile in the core is the main underlying fac-
tor in transitioning from the single-mode to multimode
operation due to the thermo-optic effect.
In the following analysis, we borrow from the formal-
ism presented by Bowman in Ref. [30], primarily devel-
oped to analyze the heat generation in low quantum de-
fect lasers. The interested reader may consult that paper
for further details.
The total heat source density q(x, y, z), i.e. the ther-
mal energy deposited per second at the location (x, y, z)
inside the fiber in units of W/m
3
is given by q =
qqd + qfl + qap + qas:
qqd =
(
Nthc
τr
)
λsβpip + λpβsis + (λs − λp)(βp − βs)ipis
λsλp(1 + ip + is)
,
(23a)
qfl = −
(
Nthc
τr
)
βpip + βsis
λf (1 + ip + is)
, (23b)
qap = αpIp, qas = αsIs. (23c)
qqd is the contribution due to the quantum defect and qfl
is the contribution from fluorescence where the negative
sign indicates that it is a heat drain. qap and qas are
8contributions due to the parasitic absorption of the pump
and the signal, respectively. Nt is total Yb ion dopant
density, h is the Planck’s constant, c is the speed of light,
and τr is the upper-level lifetime of Yb ions doped in
silica, which can be almost equal to its total lifetime [31].
σap and σ
a
s are the absorption cross sections of the pump
and signal, while σep and σ
e
s are the emission cross sections
of the pump and signal, respectively. We also define:
βp =
σap
σap + σ
e
p
, βs =
σas
σas + σ
e
s
. (24)
Ip and Is are the local pump and signal intensities, while
ip and is are the same quantities normalized by their
corresponding saturation values. We have
ip =
Ip
Isatp
, Isatp =
hcβp
λpτrσap
, (25a)
is =
Is
Isats
, Isats =
hcβs
λsτrσas
. (25b)
λf is the mean fluorescence wavelength and is defined in
Ref. [30].
Unless the fiber laser or amplifier system is espe-
cially tuned to operate in a nearly radiation-balanced
regime [18–21], the contribution from qfl can be ignored.
In a conventional DCF laser or amplifier where the signal
and pump powers are nearly of the same order of magni-
tude, the signal intensity is substantially higher than the
pump intensity because the signal propagates in a much
smaller area in the core. It can be readily seen that the
limit of 1 ip  is commonly applies. In this limit, we
have
qqd ≈
(
Nthc
τr
)
(λs − λp)βpip
λsλp
= Ntσ
a
pIp
(
λs − λp
λs
)
,
(26)
which is the formula that was presented earlier in sec-
tion IIIIII B. Here, we have taken into account that
βp  βs. Equation 26 clearly shows that the heat due the
quantum defect follows a top-hat profile in high-power
DCF lasers and amplifiers, because it is proportional to
ip rather than is in the limit of ip  is. Note that this
top-hat form is enforced by the signal saturation effect
in the core. Also, in the inner-cladding where is = 0, the
heat density is also uniform as assumed in this paper.
Near the tail of the signal at the core-inner-cladding
boundary, ip  is may no longer be valid, so that will
present a deviation form the top-hat assumption for the
heat generation. Also, if the input signal power is low
in an amplifier set-up, ip  is may not apply near the
input and the heat profile in the core may shape some-
where between a Gaussian and a top-hat depending on
the specifics of the problem. Moreover, unlike qap which
is of the top-hat form, qas follows the near-Gaussian pro-
file of the signal. If the contribution of qas is considerable,
the top-hat assumption must be revisited. The contribu-
tion from qfl must also be included in radiation-balanced
lasers and amplifiers [18–21]. However, in all these cases,
the piece-wise constant assumption for q(ρ) in the radial
coordinate should give a reasonably accurate assessment
of the temperature profile in the core if all the sources of
heating are considered. Of course, the cladding tempera-
ture profiles are not affected and the piece-wise assump-
tion for the inner-cladding always holds.
APPENDIX C: MOST USEFUL FORMULAS
In this Appendix, we summarize the equations that
are most useful for direct comparison with experiments.
In this Appendix, we only consider the case where the
heat density due to quantum defect in the core (Qqd)
overwhelms other sources of heat, as in the case in con-
ventional fiber lasers and amplifiers. The more general
case is treated in detail in the main text of the paper.
The most relevant equations are:
∆T =
Qqd
2picH
, (27a)
δTa =
Qqd
4piκa
, (27b)
δTb = ln
(
b2
a2
)
Qqd
4piκb
, (27c)
δTc = ln
(
c2
b2
)
Qqd
4piκc
. (27d)
For example, for Qqd = 40 W/m, outer diameter of
2c = 245µm, core and inner-cladding of glass with κa =
κb = 1.38 W/(m.K), outer-cladding of polymer with κc =
0.276 W/(m.K), and H ≈ 920 W/(m2.K) for a moderate-
flow-speed-water-cooled fiber, we obtain:
∆T = 56◦C, δTa = 3.46◦C, δTb = 11.7◦C, δTc = 15.5◦C.
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